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Dependency of Compatibility Termination Criteria on
Prehydration and Bentonite Quality for Geosynthetic Clay Liners
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Abstract

The dependency of criteria used to terminate compatibility tests on the prehydration and quality of bentonite
in geosynthetic clay liners (GCLs) is evaluated based on permeation with chemical solutions containing 5, 10, 20,
50, and 100 mM calcium chloride (CaCly). The hydraulic conductivity tests are not terminated before chemical
equilibrium between the effluent and the influent chemistry has been established, resulting in test durations ranging
from < 1 day to > 900 days, with longer test durations associated with lower CaCl, concentrations. The evaluation
includes both physical termination criteria (i.e., volumetric flow ratio and steady hydraulic conductivity based on
ASTM D 5084, = 2 pore volumes of flow, constant thickness of specimen) and chemical termination criteria
requiring equilibrium between influent and effluent chemistry (viz., electrical conductivity, pH, and Ca®* and CI
concentrations). For specimens permeated with 5, 10, and 20 mM CaCl, solutions, only the criterion based on
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chemical equilibrium in Ca®" concentration correlates well with equilibrium in hydraulic conductivity, regardless

of prehydration or quality of bentonite. However, all of the termination criteria, except for the volumetric flow

ratio and 2 pore volumes of flow for the prehydrated specimens, correlate well with equilibrium in hydraulic

conductivity regardless of prehydration or quality of bentonite when permeated with 50 and 100 mM CaCl,

solutions. The results illustrate the uniqueness of the termination criterion based on solute concentration equilibrium

between the effluent and the influent with respect to both prehydration and quality of bentonite in the GCLs.
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1. Introduction

The hydraulic conductivity of geosynthetic clay liners
(GCLs) based on permeation with chemical solutions can
be significantly higher than that based on permeation
with water due to chemical interactions between the
solutions and the bentonite (Daniel et al., 1993; Gleason
et al., 1997; James et al., 1997; Petrov and Rowe 1997,
Petrov et al., 1997a,b; Ruhl and Daniel 1997; Kolstad,
2000; Lin and Benson 2000; Shackelford et al., 2000;
Egloffstein 2001; Jo et al., 2001; Vasko et al., 2001). The
potential effect of a non-standard permeant liquid (i.e.,
liquid other than water) on the hydraulic conductivity of
a clay barrier is usually assessed by permeating the clay
barrier material with the actual liquid to be contained or,
in the absence of the actual liquid, a simulated liquid
with characteristics similar to those expected for the
actual liquid. Since the primary objective of the test is
to determine if the barrier material (e.g., bentonite in
GCLs) and the permeant liquid are compatible, such that
no significant change in hydraulic conductivity occurs,
this type of test is often referred to as a compatibility
test (Shackelford 1994; Shackelford et al., 2000).

In cases where GCLs have been permeated with
solutions containing relatively low concentrations of
polyvalent cations (i.e., < 50 mM), the GCLs typically
have exhibited compatibility over relatively short durations
(< 0.5 yr), but incompatibility after longer durations of
permeation (> 1 yr) (Dobras and Elzea 1993; Didier and
Comeaga 1997; James et al., 1997; Petrov and Rowe
1997; Ruhl and Daniel 1997; Kolstad 2000; Lin and
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Benson 2000; Shackelford et al., 2000; Egloffstein 2001;
Jo et al, 2001, Vasko et al., 2001). This apparent
time-dependent compatibility of GCLs implies that the
potential chemical interactions between the solutions and
bentonites in the GCLs may not be complete within
relatively short test durations when solutions containing
polyvalent cations at relatively low concentrations (< 50
mM) are used as permeant liquids (Shackelford et al.,
2000). For relatively high concentrations of polyvalent
cations (i.e., = 50 mM), several studies have shown
significant increases in the hydraulic conductivity (>
10X) of GCLs over short test durations (Ruhl and Daniel
1997, Kolstad 2000; Shackelford et al., 2000; Egloffstein
2001; Jo et al., 2001; Vasko et al., 2001).

On the other hand, several investigators have reported
that prehydration of bentonite mixtures and/or GCLs with
water prior to permeation with actual permeant liquids
can have a significant effect on hydraulic conductivity
(Shan and Daniel 1991; Daniel et al., 1993; Shackelford
1994; Didier and Comeaga 1997; Gleason et al., 1997,
Petrov and Rowe 1997; Petrov et al., 1997a; Quaranta
et al., 1997; Ruhl and Daniel 1997; Stern and Shackelford
1998; Lin and Benson 2000; Shackelford et al., 2000;
Vasko et al., 2001; Shan and Lai 2002). For example,
the hydraulic conductivity of GCLs permeated directly
with chemical solutions typically has been found to be
significantly higher (i.e., > 10X) than the hydraulic con-
ductivity of the same GCLs permeated with the same
chemical solutions but after prehydration with water.

In addition, soil mixtures such as sand-bentonite

mixtures that contain greater amounts of bentonite are



potentially more vulnerable to chemical attack and in-
compatibility than the mixtures with less amounts of
bentonite (Stern and Shackelford 1998). Consequently,
similar results for GCLs are expected such that the higher
the quality of the bentonite (e.g., the higher the mont-
morillonite content) used in the GCL, the more vulner-
able the GCL to chemical attack and, therefore, incompa-
tibility, i.e., provided all other GCL properties (e.g.,
bentonite dosage) are the same (Shackelford et al., 2000).

As a result of the aforementioned considerations, the
objective of this study is to evaluate the potential
dependency of criteria commonly used to terminate
laboratory compatibility tests on the prehydration and the
quality of bentonite for GCLs permeated with CaCly
solutions. In order to achieve this objective, hydraulic
conductivity tests are performed on both non-prehydrated
and prehydrated specimens of a single GCL containing
relatively low quality bentonite as well as non-prehydrated
specimens of a different GCL containing relatively high
quality bentonite. The tests are conducted until complete
chemical equilibrium between the influent and effluent is
established, which in some cases required in excess of
2 yrs of permeation. The results of this study should
improve our understanding of appropriate termination

criteria to be used for compatibility testing of GCLs.

2. Materials and Methods

2.1 Geosynthetic Clay Liners

Two geosynthetic clay liners (GCLs) containing ben-
tonite with different montmorillonite contents were used
in this study. Both GCLs consist of a thin layer of
granular sodium bentonite sandwiched between two
polypropylene geotextiles held together by needle-punched
fibers. Both GCLs are 6-mm thick in the air-dried
condition, and the average gravimetric water contents and
specific gravity (ASTM D 854) of two bentonites are 4.0
+ 1.0% and 2.76 = 0.02, respectively. The GCL with
the higher quality bentonite (GCL-HQB) is characterized
by a greater content of sodium montmorillonite (86% vs.

77%), a higher plasticity index (548% vs. 393%), and a

higher cation exchange capacity (93 meq/100 g vs. 64
meq/100 g) relative to the GCL with the lower quality
bentonite (GCL-LQB).

Particle-size distributions of the bentonite portions of
the two GCLs were determined using both mechanical
sieve analysis of the air-dried bentonite and hydrometer
analysis (ASTM D 421, D 422). For both GCLs, the
air-dried bentonite consists of more than 90% by dry
weight (w/w) sand-sized granules (75 to 2000 mm) based
on the mechanical sieve analyses, whereas approximately
90 % of particles are clay sized (< 5 g m) based on the
hydrometer analyses. Consequently, the bentonites from
both GCLs are classified as high plasticity clays (CH)
according to the Unified Soil Classification System
(ASTM D 2487) based on the wet analyses, whereas the
results from the mechanical analyses indicate that the
air-dried bentonites actually consist of assemblages or
granules (i.e., clods) of individual clay particles and,
therefore, are classified as poorly graded sand (SP).
Shackelford et al. (2000) noted that GCLs containing
granular bentonite might have significantly higher hyd-
raulic conductivities relative to GCLs containing powdered
bentonite upon direct permeation with non-standard liquids
(i.e., liquids other than water). Further details of the
physical and chemical properties and mineralogical com-
positions of the bentonites are given in Lee (2004) and
Lee and Shackelford (2005b).

2.2 Permeant Liquids

The permeant liquids used in the experiment consist
of tap water that is processed by passage through three
ion exchange columns (Barnstead®) in series (pH~5.6,
electrical conductivity, EC, at 25C ~0.2 mS/m) and
solutions containing concentrations of calcium chloride
(CaCl,) ranging from 5 mM to 100 mM. The processed
tap water is classified as Type IV deionized water (DIW)
as per ASTM D 1193. Calcium chloride was chosen
primarily because previous studies involving permeation
of bentonite-based hydraulic barrier materials (e.g.,
GCLs, sand-bentonite mixtures) with CaCl, solutions

have shown significant effects of the solutions on the
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hydraulic conductivity of these materials (Alther et al.,
1985; Daniel et al., 1993; Shackelford 1994; Imamura et
al., 1996; Gleason et al., 1997; James et al., 1997;
Melchior 1997; Quaranta et al., 1997; Ruhl and Daniel
1997; Kolstad 2000; Lin and Bensoﬁ 2000; Shackelford
et al., 2000; Egloffstein 2001; Jo et al., 2001; Vasko et
al.,, 2001; Shan and Lai, 2002).

The CaCl, solutions were prepared by dissolving
CaCl; (powdered, > 96% pure, Sigma-Aldrich Co., St.
Louis, MO) in the DIW. Each solution was mixed in a
20-L carboy, and pH, EC, and solute concentrations of
the permeant liquids were monitored with time using a
pH meter (Accumet® ABI135 meter, Fisher Scientific Co.,
Pittsburgh, PA), an EC probe (Accumet® AB30 meter,
Fisher Scientific Co., Pittsburgh, PA), an ion chromatograph
(Dionex® 4000i IC Module, Dionex Co., Sunnyvale, CA)
for chloride (CI') concentrations, and an inductively coupled
plasma - atomic emission spectrometer (IRIS® Advantage
/1000 ICAP Spectrometer, Thermo Jarrell Ash Co.,
Franklin, MA) for calcium (Ca2+) concentrations, respec-
tively. Further details on the measured properties of the
permeant liquids are given in Lee (2004) and Lee and
Shackelford (2005b).

2.3 Hydraulic Conductivity Tests

Specimens of the two GCLs with nominal diameters
of 102 mm were permeated using the falling-head
procedure and flexible-wall permeameters in accordance
with ASTM D 5084. Hydraulic conductivity tests were
performed on both non-prehydrated and prehydrated
specimens of the GCL with the lower bentonite quality
(i.e., GCL-LQB), as well as non-prehydrated specimens
for the GCL with the higher bentonite quality (i.e.,
GCL-HQB). Prehydration was achieved by permeating
the GCL specimens with DIW. The specimens were
trimmed and assembled in the permeameters using the
method described by Daniel et al. (1997) to prevent the
possibility of short circuiting through the geotextiles at
the edge of the GCL specimens due to loss of bentonite
and pinching of the geotextiles. Backpressure was not

used so that effluent liquids could be conveniently
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collected for measuring pH, EC, and solute concentration.
All the specimens were permeated at an average effective
stress of ~ 23.5 kPa (3.4 psi) and at an average
hydraulic gradient of 200. The hydraulic conductivity
tests performed on non-prehydrated specimens using
solutions with relatively high CaCl, concentrations (i.e.,
50 and 100 mM) were duplicated because the test
durations were relatively short, allowing for the re-use of
the permeameters. However, because the durations for
the tests using solutions containing relatively low CaCl,
concentrations (i.e., 5, 10, and 20 mM) required more
than 4 months to establish chemical equilibrium, these
tests could not be duplicated due to the limited number
of permeameters available for testing. Further details
regarding the hydraulic conductivity testing are given
elsewhere (Lee, 2004; Lee and Shackelford, 2005a,b).

Two categories of termination criteria commonly used
for compatibility tests were considered in this study
(Shackelford et al., 2000). The first category is referred
to as physical termination criteria, and includes the
following criteria: (1) at least four consecutive values for
the ratio of the volumetric outflow to the volumetric
inflow within the range of 1.00 £ 0.25 (e.g.,, ASTM D
5084); (2) at least four consecutive hydraulic conductivity
(k) values within = 25% of the mean value for k =
1 x 10® cm/s or within + 50% of the mean value for
k <1x10% cs (e.g., ASTM D 5084); (3) a minimum
of two pore volumes of flow (PVF) through the specimen
(Bowders et al., 1986; Daniel 1994; Shackelford et al.,
2000; ASTM D 6766); and (4) a constant thickness of
the specimen (Petrov et al., 1997a). The second category
of termination criteria relates to the need to establish
chemical equilibrium between the effluent and influent
(Bowders et al, 1986; Bowders and Daniel 1987;
Bowders 1988; Daniel 1994; Shackelford 1994; Shackelford
et al., 2000). This category, referred to as chemical
termination criteria, includes the following criteria: (1)
the ratio of effluent pH and EC relative to influent pH
and EC within 1.00 = 0.10 (Shackelford et al., 2000;
ASTM D 6766); and (2) the ratio of effluent solutes
concentration to influent solutes concentration within
1.00 & 0.10 (Shackelford et al., 2000).



3. Results and Discussion

The results of all the hydraulic conductivity tests are
summarized in Tables 1 and 2 in terms of the physical
and chemical termination criteria evaluated in this study,
respectively. The data upon which the results for both
non-prehydrated and prehydrated specimens of the GCL
with the lower quality bentonite (i.e., GCL-LQB) can be
found in Lee and Shackelford (2005a), whereas the data
upon which the results for the non-prehydrated specimens
of both the GCL-LQB and the GCL with the higher
quality bentonite (i.e., GCL-HQB) can be found in Lee
and Shackelford (2005b). Although data upon which the
results in Tables 1 and 2 are based have previously been

reported, an analysis of the data within the context of the

current study has not previously been reported.

3.1 Inadequacy of pH Equilibrium

The test results indicated that the pH ratio (i.e.,
pHouw/pHin) never reached the acceptable range (i.e., 1.00
£ 0.10) for all of the tests, except for one test performed
on the prehydrated specimen with the 100 mM CaCl,
solution (see Lee 2004). As a result, the termination
criterion based on pH equilibrium was found not to be
applicable in this study. The increased effluent pH
relative to the influent pH (i.e., pHow/pHin > 1.10) was
due, in part, to the buffering capacity of bentonite as well
as the decrease in the influent pH due to time-dependent

dissolution of carbon dioxide (CO;). In addition, if the

Table 1. Summary of test results based on physical termination criteria.?

Physical Termination Criteria
Per= | oo | gL | Pre Slope of k ~ 0° ASTM D 5084 2 BVE Constant
meant No. | Type® hydra— Q Ratio Steady k Thickness
Liquid ' tion
PVF 4k~0 K gk~0 PVFq ka/ PVF K/ [toru] Kopvr/ PVFy Kkn/
[t gk~ {cm/s) [to K k~0 [t] Kak~o | "2 | Kak~o [tn] Kak~0
1 LQB No 54[494) | 8.3 x 107 | 1.5[6.5] | 0.32 | 2.8[25] | 0.24 | [15] | 0.21 | 2.2[15) | 0.21
E)arg'l\g 2 LQB Yes 42[306] | 8.0 x 107 | 3.4[40] 0.29 | 3.4[40] 0.27 | [31] | 0.28 | 0.84[11] | 0.26
3 HQB No 68955] | 1.8 x 107 | 2.9[187] | 0.04 | 2.2[150] | 0.04 | [150] | 0.04 | 1.6[112] | 0.04
4 LQB No 26[376] | 6.8 x 107° | 2.6[8.6] | 0.37 3.9[386) 0.28 | [2.5] | 1.92 | 3.4[23] | 0.28
1ga2l':| 5 LQB Yes 20[246] | 6.1 x 107° | 3.0[47] 0.48 3.0[47] 0.48 | [36] | 0.46 | 0.74[13] | 0.40
6 HQB No 51[502] | 1.7 x 107 | 3.6[231] | 0.04 | 4.4[254] | 0.04 | [169] | 0.03 | 0.75[21] | 0.08
7 LQB No 18(147] | 9.5x 107° | 3.2(47] 0.15 3.9(59] 0.16 | [34] | 0.14 | 1.1[9.6] | 0.28
Zgagg 8 LQB Yes 10[92] | 9.3 x 107° | 2.5[41] 0.37 | 2.5[41] 0.37 | [41] | 0.37 | 0.62[14] | 0.21
9 HQB No 1901501 | 1.7 x 1078 | 3.1(48] 0.06 | 4.5{90] 0.07 | [25] | 0.08 | 2.0[25] | 0.09
10 LQB No 7.0012] | 1.6x107® | 3.0[5.6] | 0.85 | 3.0(5.6] | 0.85 | [4.2] | 0.80 | 1.5[2.7] | 0.83
11 LQB No 4.8(8.9] | 1.8x 1078 | 2.7(55] | 0.86 | 2.7(5.5] | 0.86 | [4.2] | 0.81 | 1.3[2.6] | 0.83
SgarglM 12 LQB Yes 11[25] | 3.5 x 107 | 3.0[15] 0.43 6.5[201 0.88 | [15] | 0.43 | 6.5[20] | 0.88
2

13 | HQB No 24{0.13] | 4.8 x 107 |3.4[0.021] | 0.53 |4.3[0.027]| 0.57 |[0.014]| 0.54 |5.3[0.033]| 0.62
14 | HQB No 18[0.18] | 3.7 x 107 |2.9{0.035] | 0.46 |3.6[0.046] | 0.54 [[0.024]| 0.52 |2.9[0.035]| 0.46
15 LQB No 9.100.98] | 3.4 x 1077 | 3.0[0.39] | 0.58 | 3.0[0.39] | 0.58 | [0.29] | 0.59 |1.5[0.19] | 0.69
16 LQB No 5.3[0.54] | 3.5x 1077 | 3.0[0.37] | 0.89 | 3.7[0.43] | 0.83 |[0.31]| 0.82 |0.75[0.15]| 0.38
1(()3(;(;1,\/' 17 LQB Yes 14[11] 1.2x 107 | 3.4[8.5 | 0.54 | 6.8[9.5] | 0.72 | [8.1] | 0.21 | 6.8(9.5] | 0.84
18 | HQB No 19[0.015] | 3.4 x 107° |2.9[0.003] | 0.84 |2.9[0.003]| 0.84 |{0.002]| 0.76 |4.6[0.004]| 0.89
19 | HQB No 2200.012] | 4.2 x 10°° |3.6[0.002] | 0.71 |3.8[0.002] | 0.71 {[0.002]| 0.67 |2.7(0.002]| 0.67

# k = hydraulic conductivity; Q = volumetric flow rate; PVF = pore volumes of flow; t = elapsed time in days, respectively.

® LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite, respectively.
° When the slope of k versus number of PVF is statistically zero (Peirce and Witter 1986).
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Table 2. Summary of test results based on chemical termination criteria.?

Chemical Termination Criteria
_ _ EC Ratio® i ;

”F‘.’g;”t Le:t TGyggb h;ri?a— (kg’nﬁ;g) (1.00 + 0.10) (1.00 + 0.05) (1 %% Ttlg-?m (1%68 iang-?‘))
Liquid tion PVFecoq Kecor | PVFEC0.05 | Kecoos | PVFciod Kcio.1 PVFcan.1 Kcao.1
{tecoa] /K ak~0 (teco.os] K ak~0 [teio1] /K ak~0 [tca0.1] /K ak~0
1 [ LeB | No [83x10°| 241338] | 026 | 32403 | 0.39 | 6.3(80] | 0.8 | 5705021 | 1.04
%;3’?2 > | LB | Yes |80x10°| 4251 | 028 | 161174 | 034 | 25[31) | 028 | 58[358] | 0.98
3 | HOB | No [1.8x107°| 161632] | 0.10 | 20(721] | 0.1 | 4.2[256] | 0.04 | 58934] | 0.93
4 || No |68x10°| 14l2800 | 030 | 2013411 | 064 | 110234] | 022 | 30[3971 | 0.98
1&32’1 5 | LGB | Yes |61x10°| 30471 | 048 | 38601 | 043 | 30047 | 048 | 35(360] | 1.0
6 | HQB | No |1.7x10°| 16M422] | 023 | 18435] | 0.32 | 4.4[254] | 0.05 | 60515 | 1.02
7 B | No |95x10°| 4670] | 047 | 1201271 | 061 | 18211 | 017 | 3101781 | 0.99
ang‘l'zw 8 | LB | Yes |93x10°| 32149] | 043 | 450600 | 055 | 19034 | 031 | 1601201 | 0.94
9 [HoB | No [17x10| 110311 | 059 | 270164l | 1.03 | 310481 | 0.06 | 2201541 | 1.07
10 | LGB | No |16x10° 3056 | 085 | 38(7.00 | 0.91 | 2.214.2] | 080 | 9.306] | 1.03
11 | LB | No |18x10%| 2755 | 086 | 3.4l6.6] | 091 | 2.04.2] | 081 | 89015 | 1.06
5&\32" 12 | LB | ves |35x10° 6520 | 088 | 7921 | 09 | 7.21211 | 091 | 11241 | 0.99
13 | HoB | No |4.8x 107 43(0.027 | 0.50 | 6.10.039] | 0.63 | 2.500.014] | 0.54 | 180.11] | 0.97
14 | HaB | No |[3.7x107°| 3.6[0.046] | 0.50 | 5.10.065] | 0.61 | 3.600.046] | 0.50 | 1700.18] | 0.98
15 | LB | No |34x107| 3.000.39] | 0.58 | 3.8048] | 0.62 | 23[0.29] | 0.59 | 6.80.80] | 0.87
16 | Lo | No |35x107] 2200311 | 0.82 | 3700431 | 0.96 | 1.5[0.24] | 0.65 | 6.000.59] | 1.07
1%‘;(’:1”' 17 | toB | Yes |12x107| 59003 | 078 | 93010] | 091 | 7.609.71 | 0.86 | 1010l | 0.92
18 | HaB | No |3.4x107°| 2110.002 | 0.76 | 3.80.003] | 0.88 | 1.400.001] | 0.76 |4.6[0.004] | 0.89
19 | HOB | No [4.2x 10| 2.710.002) | 0.67 | 4.5(0.003] | 0.73 | 1.8(0.001 | 0.73 | 1110.006] | 0.93

 k = hydraulic conductivity; PVF = pore volumes of flow; t = elapsed time in days, respectively.

® LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite, respectively.

¢ When the slope of k versus number of PVF is statistically zero (Peirce and Witter 1986).

4 EC = electrical conductivity; Cg or Cca = concentration of chloride or calcium; Ratio = effluent relative to influent, respectively.

liquid accumulated in the effluent reservoir is open to the
atmosphere, then the release of aqueous-phase carbon
dioxide (COy(q) into the atmosphere will result in a
continual increase in the effluent pH with time
(Shackelford 1994). Also, in closed systems such as the
flexible-wall apparatus used in this study, the concen-
tration of the COyqq), in the pore liquid of a soil likely
increases due to respiration by microorganisms under
anaerobic conditions (Shackelford 1994). As a result, a
pH increase in the effluent is expected due to release of

COxq) as equilibrium with the atmosphere is established.

3.2 Equilibrium in Hydraulic Conductivity

In general, all of the hydraulic conductivity values for
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the specimens permeated with 5, 10, and 20 mM CaCl,
solutions increased by 3.5X to 20X after > 10 PVF (0.3
yr) of permeation depending on prehydration condition
and quality of bentonite in the GCLs, and then appear
to stabilize. To determine equilibrium in hydraulic
conductivity, the slope of hydraulic conductivity versus
number of PVF was analyzed statistically using linear
regression based on the t-test at a 5% significance level
as described in Peirce and Witter (1986). The statistically
zero slope of hydraulic conductivity was evaluated
through analyzing the slope of five successive hydraulic
conductivity values in series.

However, all of the hydraulic conductivity values for
the specimens permeated with 5, 10, and 20 mM CaCl,

solutions initially appear to stabilize within 10 PVF, and



then begin to increase. As a result, the achievement of
statistically zero slope in hydraulic conductivity (hereafter
referred to as “zero slope”) was considered valid only
after the initial stage of the compatibility tests, parti-
cularly for the specimens permeated with 5, 10, and 20
mM CaCl, solutions. Even though the statistical approach
is useful to determine the establishment of equilibrium
in hydraulic conductivity, the statistical approach is
meaningful only in conjunction with knowledge of the
mechanisms involved in the compatibility tests (Bowders
1988).

3.3 Effect of Prehydration on Termination Criteria

The test results based on the physical termination
criteria, including volumetric flow ratio and steady
hydraulic conductivity per ASTM D 5084, 2 pore volumes

of flow (PVF), and constant thickness of specimen as
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well as the chemical termination criteria, including
electrical conductivity (EC) and solutes (i.e., CI and Ca’"
concentration equilibrium, are summarized in Tables 1
and 2, respectively. In addition, the hydraulic conductivity
values based on each physical termination criterion are
compared with those at the zero slope (or k sx~0) for both
non-prehydrated and prehydrated specimens of the GCL
with the lower quality bentonite (i.c., GCL-LQB) in Fig. 1.

The hydraulic conductivity values based on the
volumetric flow ratio per ASTM D 5084 (i.e., ko) are
always from 2X to 7X lower than the k sk~ values
regardless of prehydration for the specimens permeated
with 5, 10, and 20 mM CaCl; solutions. In the case of
the termination criterion based on the steady hydraulic
conductivity per ASTM D 5084 (i.e., ki), the hydraulic
conductivity ratios (i.e., kiksx~o) for the specimens
permeated with 5, 10, and 20 mM CaCl, solutions are

always less than 0.5 regardless of prehydration. Similarly,
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Fig. 1. Hydraulic conductivity for physical termination criteria versus hydraulic conductivity at the slope of k ~ 0 for both non-prehydrated
(NP) and prehydrated (P) specimens of GCL with lower quality bentonite (Q = volumetric flow rate; PVF = pore volumes of flow:

H = thickness of specimen)
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the hydraulic conductivity ratios based on 2 PVF (i.e.,
kopvi/K sk~0) are between 0.1 and 0.5 except for one test
performed with the 10 mM CaCl; solution. In addition,
the hydraulic conductivity values based on the constant
thickness of specimens (ky) are from 2X to 5X lower
than the k 4k~¢ values. Thus, none of physical termination
criteria appears to be adequate regardless of prehydration
for the specimens of GCL-LQB permeated with 5, 10,
and 20 mM CaCl; solutions.

For the specimens permeated with 50 and 100 mM
CaCl, solutions, the hydraulic conductivity values based
on all of the physical termination criteria are not
significantly lower (i.e., < 31%) than the Kk sx~o values
regardless of prehydration. However, the hydraulic
conductivity values based on one single physical criterion
(e.g., 2 PVF) for the prehydrated specimens are as much
as 5X lower than the k 4x~¢ values, whereas the hydraulic
conductivity values based on any one of the physical
criteria for the non-prehydrated specimens are not
significantly lower (i.e., < 45%) than the k-0 values
(see Fig. 1). Thus, any physical termination criterion
appears to be adequate for the non-prehydrated specimens
permeated with the 50 and 100 mM CaCl; solutions,
whereas all of the physical termination criteria should be
met for the prehydrated specimens to ensure equilibrium
in hydraulic conductivity. This difference results from the
need to displace the initial pore liquid (i.e., water) with
the CaCl; solution for the prehydrated specimens and the
subsequent chemical interactions that occur between the
solution and the bentonite in the specimens. In fact, as
shown in Fig. 1, the termination criterion based on the
steady hydraulic conductivity per ASTM D 5084 tends
to be the most appropriate in this study among the
physical termination criteria for the prehydrated specimens
of the GCL-LQB permeated with the 50 and 100 mM
CaCl; solutions.

The hydraulic conductivity values based on the chemical
termination criteria are compared with the k sx~o values
for both non-prehydrated and prehydrated specimens of
GCL-LQB in Fig. 2. Two limiting tolerances on EC
equilibrium were considered to evaluate the effect of a

more restrictive tolerance of ECow/ECy, = 1.00 £ 0.05
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relative to the more commonly imposed tolerance of
ECo/ECin = 1.00 £ 0.10 (e.g., ASTM D 6766).

As shown in Fig. 2, the hydraulic conductivity values
based on either EC tolerance generally are always lower
than the kx~o values regardless of prehydration for the
specimens permeated with 5, 10, and 20 mM CaCl,
solutions. In fact, the hydraulic conductivity ratios based
on the EC ratio of 1.00 * 0.10 (i.e., keco1/kgk~0) are
approximately 0.2 for the non-prehydrated specimens and
0.4 for the prehydrated specimens, whereas the hydraulic
conductivity ratios based on the EC ratio of 1.00 £ 0.05
(i.e., krcoos/K sk~0) are about 0.5 for both non-prehydrated
and prehydrated specimens. On the other hand, for the
specimens permeated with 50 and 100 mM CaCl
solutions, the hydraulic conductivity values based on both
ranges of the EC ratio are close to the k 4x—o values (i.e.,
0.78 < kecor/ksx~0 < 0.88 and 0.91 < Kecoos/Kax~o0
< 0.96), except for one of the duplicate non-prehydrated
specimens permeated with the 100 mM CaCl, solution,
where the kpco1/Kgk~0 and kecoos/Ksx~o values are 0.58
and 0.62, respectively. Thus, establishment of equilibrium
in EC between effluent and influent is not sufficient to
ensure equilibrium in hydraulic conductivity for the
specimens permeated with 5, 10, and 20 mM CaCl,
solutions regardless of prehydration, whereas the establish-
ment of EC equilibrium tends to ensure hydraulic
conductivity equilibrium for the specimens permeated
with 50 and 100 mM CaCl, solutions.

As shown in Fig. 2, the hydraulic conductivity values
based on equilibrium in chloride (Cejou/Ceiin = 1.00 =
0.10) are always less than the k,x—¢ values for the
specimens permeated with 5, 10, and 20 mM CaCl,
solutions. In fact, the hydraulic conductivity ratios (i.e.,
kecio.a/k gx~0) based on the chloride (Cl) concentration
equilibrium are 0.2 for the non-prehydrated specimens
and 0.4 for the prehydrated specimens. Thus, equilibrium
in CI' concentration is not sufficient to ensure the
achievement of equilibrium in hydraulic conductivity for
the specimens permeated with 5, 10, and 20 mM CaCl,
solutions, regardless of prehydration. However, as shown
in Fig. 2, the hydraulic conductivity at zero slope (or

ksx~0) and hydraulic conductivity based on the Ca**
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concentration equilibrium are very close (ie., 0.94 <
kcwo/Kak~0 < 1.04), supporting the applicability of salt
cation concentration equilibrium as a necessary termination
criterion for the specimens permeated with 5, 10, and 20
mM CaCl, solutions, regardless of prehydration. For the
specimens permeated with the 50 and 100 mM CaCl
solutions, the hydraulic conductivity values based on
either CI' or Ca®* concentration equilibrium are not
significantly different from the kDk~0 values (i.e., 0.59
< kewoi/Kak~0 = 0.91 and 0.87 < keao.//Kax~0 = 1.00).

The elapsed time and PVF required to reach each
termination criterion are compared with those at the zero
slope in Figs. 3 to 6. For example, the elapsed time
required to achieve steady hydraulic conductivity per
ASTM D 5084 was 2X to 20X lower than the elapsed
time required to achieve kgi~o for the specimens
permeated with 5, 10, and 20 mM CaCl; solutions.

Similarly, the required PVF based on the same criterion

was still less than 5 PVF for the specimens permeated
with 5, 10, and 20 mM CaCl, solutions. In other words,
significantly more PVF (10 to 73 more) are required to
achieve k k-o than are required to meet the physical
termination criteria. In fact, the overall physical termi-
nation criteria required 3 PVF, representing 40 days of
permeation, for both non-prehydrated and prehydrated
specimens of GCL-LQB permeated with 5, 10, and 20
mM CaCl, solutions, whereas = 18 PVF for the non-
prehydrated specimens and a minimum of 10 PVF for
the prehydrated specimens are required to achieve the
K sx~o. For the specimens permeated with 50 and 100
mM CaCl, solutions, the elapsed time and PVF required
to achieve each criterion as well as k x~o generally are
greater for the prehydrated specimens than for the

non-prehydrated specimens.
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3.4 Effect of Bentonite Quality on Termination
Criteria

The hydraulic conductivity values based on each phy-
sical termination criterion are compared with the kK sx~o0
values for the non-prehydrated specimens of the two
GCLs with the lower quality bentonite (GCL-LQB) and
the higher quality bentonite (GCL-HQB) in Fig. 7. The
hydraulic conductivity values based on the volumetric
flow ratio per ASTM D 5084 (ko) are always lower than
k sx~0 by a factor of 2.7X to 6.7X for the GCL-LQB and
by a factor of 17X to 25X for the GCL-HQB. Thus, this
termination criterion is inadequate in representing K jx~o
regardless of bentonite quality for the specimens permeated
with 5, 10, and 20 mM CaCl, solutions. For these tests,
the elapsed time and PVF required to achieve k sx-o as
shown in Figs. 8 and 9, respectively, are significantly
greater (i.e., > 3 months and > 14 PVF) than those
needed to meet the requirement for the volumetric flow

ratio, regardless of the quality of bentonite used in the

= 10"§ i A SR BRaALL ae st me e
E Fl o ocLLaB 50 mM - (&)
~,10%g{ © GCL-HQB LA 4
S £ R S
g i S A
S 0% koK R
o \2 ¢ F<-100 mM ]
& 10 somm. %5 . E
2 3 Ao

2 qgtbs-20mm ey 01 002 )

_ . ey .

8 10% 7\ 7g ) Q Ratio 3
el b TS (ASTM D 5084)
g 10-10 15||nml' Y EARETTY BT | T Y
5 10" 10° 10® 107 10° 10° 10*
£ Hydraulic Conductivity @ Slope of k ~ 0,

kAk_o(chs)

= 10 pr T Ty T
E e GCLLQB | 50mM . (&)
“ 10% © GCL-HQB LR S
& AU
i— 108 kZWJkAk-O ,,"’ o° B
i \2: Je2100 mM ]
N 407 K78 i
:§ 50 mM 3705 E
Z gel10mM->s(é) 0.1 0.02 ]
3 F Ry Y LB ]
£ 00 5 20 mM ]
o BT N 2 PVF ]
£ 1010 il i

g8 "10™ 10° 10° 107 10° 10° 10*
% Hydraulic Conductivity @ Slope of k ~ 0,

K, o (cm/s)

GCLs. In the case of the termination criterion based on
the steady hydraulic conductivity per ASTM D 5084, the
hydraulic conductivity ratios (i.e., kwkgk~o) for the
specimens permeated with 5, 10, and 20 mM CaCl;
solutions are always less than 0.3 for the GCL-LQB and
less than 0.1 for the GCL-HQB, also indicating the
inadequacy of this termination criterion regardless of
bentonite quality.

Similarly, the hydraulic conductivity ratios based on
the minimum requirement of 2 PVF (i.e., kepvi/ksx~0)
are 0.2 for the GCL-LQB and 0.05 for the GCL-HQB
except for the specimen of GCL-LQB permeated with 10
mM CaCl, solution, in which the kopvr/k gk~o value is 1.9
due to relatively high hydraulic conductivity values at the
beginning of the test. Thus, the termination criterion for
steady hydraulic conductivity based on ASTM D 5084
is insufficient for the specimens permeated with 5, 10,
and 20 mM CaCl, solutions regardless of bentonite
quality. In addition, the hydraulic conductivity values

based on the constant thickness of specimens (i.e., ku)
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Fig. 7. Hydraulic conductivity for physical termination criteria versus hydraulic conductivity at the slope of k ~ 0 for non-prehydrated
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are from 4X to 5X for the GCL-LQB and from 11X to
25X for the GCL-HQB lower than the k,x-o values.
Thus, this termination criterion also is not applicable for
the tests on both GCL specimens permeated with 5, 10,
and 20 mM CaCl, solutions.

Thus, the physical termination criteria evaluated in this
study are not particularly applicable in terms of their
ability to achieve equilibrium in hydraulic conductivity
for the specimens of both GCLs (i.e., GCL-LQB and
GCL-HQB) permeated with 5, 10, and 20 mM CaCl;
solutions. For the specimens permeated with 50 and 100
mM CaCl; solutions, the hydraulic conductivity values
based on overall physical termination criteria are not
significantly different (i.e., < 50%) from the k 41— o values
regardless of quality of bentonite used in the GCLs.
Thus, any physical termination criterion appears to be
adequate for both GCLs when permeated with 50 and
100 mM CaCl, solutions. As shown in Figs. 8 and 9,
the elapsed times and PVF for the GCL-HQB required

to meet the physical termination criteria generally are
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greater than those for the GCL-LQB for the specimens
permeated with 5, 10, and 20 mM CaCl, solutions,
whereas the elapsed times and PVF required for the
GCL-HQB specimens generally are lower than those for
the GCL-LQB specimens when the specimens are
permeated with 50 and 100 mM CaCl, solutions.

The hydraulic conductivity values based on the
chemical termination criteria are compared with the k sx~o
values for non-prehydrated specimens of both GCLs (i.e.,
GCL-LQB and GCL-HQB) in Fig. 10. The hydraulic
conductivity values based on either tolerance for the EC
ratio criteria (i.e., ECow/ECin = 1.00 + 0.10 or 1.00 *
0.05) are always less than the k,x-o values regardless
of bentonite quality for the specimens permeated with 5,
10, and 20 mM CaCl, solutions. In fact, the hydraulic
conductivity ratios based on the EC ratio of 1.00 £ 0.10
(ie., kecorksx~o) range from 0.2 to 0.3 for the
GCL-LQB and from 0.1 to 0.2 for the GCL-HQB, except
for the GCL-HQB permeated with the 20 mM CaCl,

solution, where the kgcoi/kgk~o value is about 0.6.
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Similarly, the hydraulic conductivity ratios based on the
EC ratio of 1.00 + 0.05 (i.e., kecoos/K sk~0) Tange from
0.4 to 0.6 for the GCL-LQB and from 0.1 to 0.3 for the
GCL-HQB, except for the GCL-HQB permeated with the
20 mM CaCl, solution, where the kgco./K sk~o value is
1.0. Thus, chemical equilibrium between the effluent and
the influent EC apparently is a necessary, but not a
sufficient condition to ensure equilibrium in hydraulic
conductivity regardless of bentonite quality for the
specimens permeated with 5, 10, and 20 mM CaCl,
solutions. On the other hand, for the specimens per-
meated with 50 and 100 mM CaCly solutions, the
hydraulic conductivity values based on either tolerance
of the EC ratio are not significantly lower (i.e., < 50
%) than the ksx~o values for both GCLs. Therefore, the
EC criteria apparently are more appropriate in terms of
providing a true measure of k sk~o for the specimens of
both GCLs permecated with 50 and 100 mM CaCl;
solutions.

Similarly, the hydraulic conductivity ratios based on
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the CI” concentration equilibrium requiring Cerou/Celin =
1.00 = 0.10 (i.e., kcwi/kgk~o) are less than 0.3 for the
GCL-LQB and less than 0.1 for the GCL-HQB, which
also indicates its insufficiency as a termination criterion,
for the specimens of both GCLs permeated with S, 10,
and 20 mM CaCl, solutions. In fact, as shown in Fig.
10, k 41~o for both GCLs was only established when the
Ca® concentrations in the effluent and influent were
similar (i.e., Ccaou/Ccain = 1.00 £ 0.10). Thus, regardless
of the quality of bentonite used in the GCLs, the
chemical termination criterion based on Ca®* concentration
equilibrium is both necessary and sufficient to ensure the
establishment of equilibrium in hydraulic conductivity
based on the results for the specimens permeated with
5, 10, and 20 mM CaCl; solutions. As shown in Fig. 10,
the hydraulic conductivity values based on either Cl or
Ca®* concentration equilibrium are not significantly lower
than the k4o values (i.e., < 50%) for the specimens
of both GCLs permeated with 50 and 100 mM CaCl,

solutions.
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Fig. 11. Elapsed time for chemical termination criteria versus elapsed time at the slope of hydraulic conductivity ~ 0 for non-prehydrated
specimens of GCL with either lower quality bentonite (GCL-LQB) or higher quality bentonite (GCL-HQB) (EC = electrical
conductivity; Cg or Cga = concentration of chioride or calcium)
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Fig. 12. Pore volumes of flow (PVF) for chemical termination criteria versus PVF at the slope of hydraulic conductivity ~ 0 for
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= electrical conductivity; Cg or Cea = concentration of chloride or caicium)

As shown in Figs. 11 and 12, the elapsed times and
PVF based on the chemical termination criteria are
generally greater for the GCL-HQB than for the
GCL-LQB for the specimens permeated with 5, 10, and
20 mM CaCl, solutions. In contrast, the elapsed times
and PVF are generally lower for the GCL-HQB than for
the GCL-LQB for the specimens permeated with 50 and
100 mM CaCl; solutions.

4. Summary and Conclusions

Hydraulic conductivity tests were performed on two
geosynthetic clay liners (GCLs) containing different
qualities of bentonite with or without prehydration to
evaluate adequacy of a wide range of termination criteria
commonly used in compatibility testing of GCLs with
respect to prehydration and quality of bentonite by
permeating the GCL specimens with calcium chloride
(CaCly) solutions. All of the hydraulic conductivity tests

are not terminated before chemical equilibrium between
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the influent and the effluent as well as equilibrium in
hydraulic conductivity has been established. These
requirements resulted in test durations ranging from < 1
day to > 900 days, with longer test durations associated
with lower CaCl, concentrations. None of the physical
termination criteria (i.e., volumetric flow ratio and steady
hydraulic conductivity per ASTM D 5084, 2 pore
volumes of flow, constant thickness of specimen) was
adequate for the specimens permeated with 5, 10, and 20
mM CaCl; solutions regardless of prehydration or quality
of bentonite because the equilibrium in hydraulic con-
ductivity had not been established at the times corres-
ponding to those criteria. On the other hand, the overall
physical termination criteria tend to ensure equilibrium in
hydraulic conductivity regardless of prehydration or
quality of bentonite for the specimens permeated with 50
and 100 mM CaCl, solutions.

In terms of chemical termination criteria, the pH ratio
(i.e., pHow/pHin) was never within the acceptable range
(i.e., 1.00 = 0.10) throughout any of the tests performed



in this study, except for one prehydrated GCL specimen
permeated with a 100 mM CaCl, solution. Furthermore,
the hydraulic conductivity values based on electrical
conductivity (EC) equilibrium are always from 2X to
10X lower than the hydraulic conductivity values at the
statistically zero slope (or k,k~o), regardless of prehy-
dration or quality of bentonite for the specimens per-
meated with 5, 10, and 20 mM CaCl, solutions, except
for one specimen permeated with the 20 mM CaCl,
solution. Thus, the EC equilibrium is a necessary, but not
sufficient, condition to ensure equilibrium in hydraulic
conductivity particularly for the specimens permeated
with 5, 10, and 20 mM CaCl, solutions. In fact,
equilibrium in hydraulic conductivity was not established
until the Ca®* concentrations in the effluent and influent
were similar (i.e., Ccaou/Ceain = 1.00 = 0.10), regardless
of prehydration or quality of bentonite. On the other
hand, any chemical termination criterion tends to ensure
equilibrium in hydraulic conductivity regardless of
prehydration or quality of bentonite for the specimens
permeated with 50 and 100 mM CaCl; solutions. Thus,
the termination criteria based on equilibrium in effluent
and influent calcium concentration is unique so that this
criteria can be used to represent the equilibrium hydraulic
conductivity based on a statistically zero slope (or k s~
o), regardless of CaCl, concentration, prehydration of the
GCL, or quality of the bentonite in the GCL.
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